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Achnanthes rostrata, a diatom typically found in the

lower strata of a benthic community where resources may
become limited, was tested for viability when subjected to a
series of illumination treatments (80, 30, 8, and O µmol m2 s -1)

.

It survived for 28 days in complete darkness and was

able to initiate growth upon reintroduction to light.

Cells

continued to synthesis protein for at least 12 days in the
dark, indicating the retention of metabolic activity.
Similar patterns of proteins, including RUBISCO LSU, as
revealed by gel electrophoresis, were obtained from cells
incubated under each light intensity.

Both the LSU and SSU

mRNA of RUBISCO were present in cells grown in the dark for
12 days, suggesting a potential for synthesis of the protein
under these conditions.

The ability of A. rostrata to

survive long periods of aphotic, resource-poor conditions
and retention of major photosynthetic proteins may confer an
advantage over competitors when favorable conditions return.
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CHAPTER I
INTRODUCTION

The development of a benthic algal community often
proceeds from a two-dimensional, low-biomass stage early in
development to a high-biomass, more complex, vertically
stratified structure as development continues.

Although

variations exist among environments, community development
typically results in overgrowth of initial colonists
(Hoagland et al. 1982).

Changes in benthic algal community

structure during development has been examined by scanning
electron microscopy (SEM) on artificial and natural
substrata in natural lotic and lentic environments (e.g.
Hoagland et al. 1982, Hudon and Bourget 1981, 1983, Hamilton
and Duthie 1984, Korte and Blinn 1983, Roemer et al. 1984)
and in artificial streams within the laboratory (Steinman
and McIntire 1986).
The process of algal community development described by
Hoagland et al.

(1982), and variations of this process

described by other investigators, occurs in three distinct
stages.

The first involves the coating of the bare sub-

stratum by an organic film within 24 hours, followed by an
accumulation of bacterial colonies, fungal hyphae and
detritus.

In some instances, this primary stage of
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colonization preconditions the substratum for subsequent
colonization (Hamilton and Duthie 1984).
The second stage (ca. 24 hours to two weeks) begins
with the attachment of opportunistic diatoms which form a
low profile layer of cells.

This initial diatom assemblage

usually consists of horizontally positioned, monoraphid taxa
such as Cocconeis placentula, Achnanthes minutissima, A.
linearis, A. lanceolata, and the biraphid Gomphonema
parvulum (Korte and Blinn 1983) attached directly to the
surface.

Many of these colonizers, C. placentula in partic-

ular, secrete a gelatinous film which firmly attaches the
diatom to the substratum (Munteanu and Maly 1981).

The

community increases in cell density and structural
complexity over time through immigration of new colonists
and in situ reproduction of existing cells (Hudon and
Bourget 1981).
Stage three (ca. two to five weeks) occurs with the
growth of long-stalked diatoms, such as species of
Gomphonema and Cymbella (Roemer et al. 1984), and appearance
of rosettes of large Synedra spp. and filamentous green
algae.

These algal filaments and vertically positioned

diatoms form a dense canopy over the lower tier of cells
established during earlier stages of development and promote
a three-dimensional community structure (Hudon and Bourget
1981).

The overall tendency proceeds towards vertical

overgrowth in latter stages of colonization, suggesting
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competition for space and resources (Hoagland et al. 1982).
A variation of the above scheme was observed by Steinman and McIntire (1986) in an artificial stream system.
They noted a paucity of bacterial colonies in early stages
of community development.

The first colonizers were Synedra

ulna cells which formed vertical rosettes.

These were

followed by adnate cells of A. lanceolata which attached to
the surface, forming an understory layer of cells.

In the

mature stage of the community, these adnate cells were
observed attached to the surface under a thick mat of S.

ulna cells.

Though differing from the stages of development

presented in the first model, a progression towards a
vertical overgrowth was eventually seen.
Patterns of benthic algal succession can be altered by
both abiotic and biotic factors.

Abiotic factors involve

the chemical and physical attributes of the environment
(Steinman and McIntire 1986) and may include:

light and

inorganic nutrient supply (Stevenson et al. 1991), the
presence/absence of a current of water and its velocity
(Reisen and Spencer 1970, Horner and Welch 1981, Munteanu
and Maly 1981, Stevenson 1983), and spatial and temporal
patterns of disturbance (Hudon and Bourget 1983, Steinman
and McIntire 1986).

Biotic factors may include differences

in the availability of colonizing algae with different
growth forms (Tuchman and Stevenson 1991), life history
strategies of colonists (Pickett et al. 1987) and species
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performance (Stevenson et al. 1991).
Growth forms represent adaptations which allow
taxonomically unrelated species to use similar habitats, and
to compete for a number of common resources (Hutchinson
1975).

Hudon and Legendre (1987) suggest that the

significance of growth forms is best shown by the plasticity
of the physical arrangement of cells in space.

Growth form

and motility were shown to affect the distribution of
colonists on the substrata.

In their study, the aggregated

distribution of epibenthic diatoms was thought to result
from the creation of microhabitats due to the obstruction of
water flow from detritus and other cells.

The colonization

of non-motile taxa, either remaining adnate on the surface
and causing micro-eddies (Stevenson 1983) or projecting from
the surface via a stalk, may provide an opportunity for the
attachment/entrapment of other colonists.
Life history strategy encompasses the maintenance and
reproduction of a taxon.

The allocation of resources

between the two facets is often dependent on availability
and environmental constraints.

Two alternative theories (r-

and K-selection) have been proposed to bracket a continuum
of strategies (Pianka 1970).

Individuals which are r-

selected display traits including:

small size, rapid

development, and a single reproduction.
K-selected individuals include:

Traits displayed by

slow development, large

size, reduced resource requirement, and repeated
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reproduction.

Adaptations involving life history strategies

result in differential species performance under similar
environmental constraints (Pickett et al. 1987).

Species

performance reflects differences in the ability of algal
taxa to be opportunistic when resources are abundant,
sequestering and using them for rapid growth and
colonization, and/or be competitive when resources are
limited, efficiently using those available (Stevenson et al.
1991) .

Regardless of inter-system differences in colonization
patterns, sucesssion typically proceeds towards dominance of
species with vertical growth habits (Hudon and Bourget 1981)
and these changes can greatly influence conditions at the
community base.

As a benthic algal community matures and

algal cell densities increase, several microenvironmental
changes occur within its layers.

Cells comprising the

upperstory of the community reduce both light (Hoagland
1983) and inorganic nutrients from the overlying water
column (Riber and Wetzel 1987), rendering these resources
less available to the lower story of cells close to the
substratum.

Hudon and Bourget (1983) suggest that cells

nearest the substratum may become light-limited, while
upright cells, most distant from the substratum, will remain
under optimal light conditions.

Results from our laboratory

indicate that the amount of irradiance which is available at
the bottom of an artificial stream, i.e. available to cells
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at the bottom of an algal mat, decreased from 45 to 5 µmol
m- 2 s- 1 over a period of 45 days of community development
(Johnson, R.E., Loyola University, pers. comm.).
et al.

Stevenson

(1991) hypothesize that diatom species that dominate

during late stages of community development probably reduce
nutrients to concentrations below those required by earlysuccessional species, therefore outcompeting them in dense
mats.

Furthermore, Pringle (1990) found that upperstory

taxa comprised greater than 50% of the total algal biovolume
of a benthic community and appeared to interfere with the
response of sessile, understory taxa, such as Achnanthes and
Cocconeis, to inorganic nutrient amendments to the overlying
water.
To adapt to the changing conditions of their microhabitat, algal species inhabiting lower strata in the
community must either alter their position in the mat (Hudon
and Legendre 1987) or undergo physiological changes which
allow them to remain viable in the resource-limited
environment of the mat base.

Perhaps the most conservative

of these changes involves a simple movement to a new
location.

Motility is typically associated with biraphid

diatoms, such as Nitzschia and Navicula spp.

Several

authors have found that some diatoms which have the luxury
of motility move to optimal light conditions (Round and
Palmer 1966) or nutrient concentrations (Cooksey and Cooksey
1986, Pringle 1990).
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A second mechanism by which algae maintain position in
the resource-rich upper strata of algal mats is via the
formation of mucilaginous stalks.

The importance of stalk

formation in enabling diatoms to position themselves above
competing cells and thus avoid shading and reduced nutrient
availability has been noted by Hoagland et al.

(1982),

Munteanu and Maly (1981), Korte and Blinn (1983), and Roemer

et al.

(1984).

Typical stalk-forming diatoms include:

Gomphonema spp., Cymbella spp. and to a lesser extent
Achnanthes spp.
Immobile, non-stalk forming taxa are confined to their
original locations and must alter their physiology to remain
viable.

Hudon and Legendre (1987) suggest that all cells

may adapt physiologically to their light environments before
changing their physical location on a substratum.

Species

likely to be covered by sediment or living in low light
environments have evolved physiological adaptations to
compensate for the limitations of their growth form (Moss
1977).

Epipsammic forms possess a strong tolerance to the

darkness and anoxia associated with burial, whereas muddwelling forms capable of fast migration to the surface do
not tolerate these conditions (Moss 1977).
A wide range of evidence has shown that many taxa can
switch metabolism from photoautotrophy, the typical means of
algal nutrition, to chemoheterotrophy, allowing cells that
are limited by inorganic-nutrient supplies or light to take
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advantage of available organic compounds for sustenance.
Lewin and Hellebust (1970, 1975, and 1978) reported the
facultative chemoheterotrophic assimilation of lactate and
casamino acids by Cylindrotheca fusiformis, glutamate by
Navicula pavillardi, and glutamate and glucose by Nitzschia
laevis when these marine diatoms were grown in complete
darkness.

Cylindrotheca fusiformis,

in particular, was

shown to remain viable for up to two months under anaerobic
conditions in complete darkness (Lewin and Hellebust 1970)
and to multiply to appreciable numbers upon reillumination
and aeration.

Use of glucose for heterotrophic growth of

Cyclotella cryptica and Coscinodiscus spp. in the dark has
also been described (White 1974).

Rivkin and Putt (1987)

suggest, based on incorporation of amino acids into proteins
and other complex polymers and rates of assimilation and
patterns of polymer synthesis, that diatoms can use
exogenous amino acids to synthesize the essential macromolecules for heterotrophic growth.

Admiraal and Peletier

(1979) isolated ten species of benthic diatoms from a highly
organic (20 mg/g dry sediment) marine habitat and tested for
their ability to grow under four light intensities,
including complete darkness, using inorganic media and three
treatments with a supplement of either yeast extract,
casamino acids, or glucose.

Of the six species capable of

heterotrophic growth, Navicula salinarium, N. cf.
cryptocephala, and Nitzschia cf. thermalis grew best with
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glucose.

Two of the facultative heterotrophs (Nitzschia

closterium and Stauroneis constricta) grew with yeast
extract and casamino acids, but not with glucose alone.
Nitzschia sigma grew well using yeast extract and casamino
acids, but poorly with glucose.

Amphiprora cf. paludosa,

Navicula arenaria, Surirella ovata and Gyrosigma spencerii
showed no heterotrophic growth.

Growth of the six

facultative heterotrophs was also stimulated by organic
supplements under limiting light conditions (4 hours day- 1 ,
1.0 or 0.12 E m- 2 day) whereas those incapable of
heterotrophic growth were not.

All of the facultative

heterotrophs in this experiment had higher surface to volume
ratios than the strictly autotrophic species.

Navicula

salinarum, N. cryptocephala, Nitzschia cf. thermalis, and
Nitzschia sigma grew well in low light when provided with
organic supplements, demonstrating a metabolic rate
intermediate between exclusive autotrophy and heterotrophy.
Admiraal and Peletier (1979) suggest that the ability to
become heterotrophic correlates with the selective pressures
of the environment of a taxon and that growth of "buried"
diatoms is only possible through heterotrophic metabolism,
since light energy is not available.
Another physiological adaptation possible for resource
limited cells involves a slowing down of metabolic processes
and entrance into a "resting" state.

Sicko-Goad et al.

(1989) provided evidence of such adaptations in both centric
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and pennate freshwater diatoms, genera including Melosira,
Fragilaria, Stephanodiscus, Tabellaria, Actinocyclus,
Asterionella, and Diatoma.

Entering a resting state and

settling into the sediments allows the phytoplankton to
survive conditions of decreased light, temperature and
dissolved oxygen, associated with the winter season.
Resting cells are characterized by a very dense cytoplasmic
mass, composed of chloroplasts as well as remnants of
mitochondria and storage products, usually located in the
central cytoplasmic area.

In gross external morphology,

resting cells are indistinguishable from vegetative cells.
However, internal modifications, such as increased lipid
stores produced at the beginning of the dormancy period, are
easily detected by means of electron microscopy and can be
used to differentiate viable from non-viable resting cells.
Results from the experiments of Sicko-Goad et al.

(1989)

also indicate that aphotic conditions are not an absolute
requirement for resting cell formation.

Entrance into the

resting state may be promoted by temperature reduction, cell
aging, or nutrient depletion.

Complete formation of the

resting state may occur in as little as three days from the
onset of unfavorable conditions.
Cells which are maintained in darkness with an organic
supplement may display one of two strategies for survival.
These strategies can be differentiated by examining rates
and patterns of live and dead cell (empty frustule)
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accumulation.

The two main strategies include maintenance

without reproduction and reproduction, possibly at a cost to
survival of parent cells.
A strategy of maintenance would likely be revealed if
the densities of both live and dead cells remained stable
over time (slope remaining at zero)

(Fig. la).

Rates of

reproduction (r) and death (d) in this population would both
equal zero.

Such a pattern of growth may be indicative of

cells which are either entering a resting state or using
organic compounds heterotrophically to "wait out" bad
conditions.

Cells which employ this strategy and are

unsuccessful may display a pattern in which the density of
live cells decreases while the density of dead cells
increases (Fig. lb).

In this case, the reproductive rate

(r) is zero and the death rate (d) is greater than zero.
If a population employed a reproductive strategy, live
cell densities should increase over time (r > O), while dead
cells densities either increase slightly (d >
remain stable (d =

o,

Fig. ld).

o,

Fig. le) or

This pattern of growth may

be indicative of a switch in metabolism to heterotrophic use
of organic compounds or use of internal stores of energy.

A

pattern in which the density of live cells remains stable
(Fig. le) or decreases (Fig. lf) but dead cell densities
increase probably indicates that either the supply of
organic compounds is insufficient to meet the demands of the
increasing population of newly created cells or that
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Figure 1. Survival strategies interpreted from live and
dead cell accumulation rates of cells maintained in complete
darkness with an organic compound supplement. A strategy of
maintenance involves a density of live cells and dead cells
which remains stable over time (a). The reproductive (r)
and death (d) rates are both equal to zero. An unsuccessful
maintenance strategy is depicted as (b) a decreasing density
of live cells and an increasing density of dead cells. The
reproductive rate (r) in this case is less than zero, while
the death rate (d) is greater than zero. A strategy of
reproduction can be demonstrated as an increasing density of
live cells coupled with a slightly lower rate of increase in
dead-cell density (c) or stable density of dead cells (d).
The reproductive rate (r) in both cases is greater than
zero, while the death rate (d) is greater than zero in the
former and equal to zero in the later.
In both cases, the
reproductive rate is larger than the death rate. An
unsuccessful reproductive strategy would reveal (e) a stable
density of live cells with an increase in the density of
dead cells or (f) a decreasing density of live cells with an
increasing density of dead cells.
In both cases the
reproductive (r) and death (d) rates are greater than zero,
but in the former (e) the death rate is equal to the
reproductive rate (d = r), whereas in the later (f) the
reproductive rate is less than the death rate (r < d).
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parental cells, unable to survive heterotrophically, are
exerting their maintenance energy into reproduction and the
survivorship of new cells is low.

Rates of reproduction and

death are equal and greater than zero, respectively, in the
first case, while the reproductive rate is greater than zero
but much less than the death rate in the second.
A shift from photoautotrophic to heterotrophic
metabolism or resting state formation may be identified from
a change in the concentration of metabolic markers.

One

such marker is the enzyme ribulose-1,5-bisphosphate
carboxylase/oxygenase (RUBISCO), which catalyzes the first
step of carbon dioxide fixation by all organisms that reduce
carbon by means of the Calvin cycle (Boczar et al. 1989).
In all eucaryotic cells, this enzyme is composed of eight
large and eight small subunits (Boege et al. 1981).

In

several higher plants and algae, illumination of initially
light-deprived individuals causes an increase in the amount
of RUBISCO protein (Boege et al. 1981) and an initiation of
the activation state of the enzyme, which is paralleled by
an increase in photosynthetic rate (Perchorowicz et al.
1981, Salvucci et al. 1986, and Salvucci and Anderson 1987).
Boege et al.

(1981) demonstrated that, in the

unicellular green algae Chlorogonium elongatum, synthesis of
RUBISCO is controlled not only by light, but also by the
availability of acetate, an organic carbon source with which
this alga is able to grow heterotrophically.

In addition,
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heterotrophically grown cells possess chloroplasts with few
thylakoids, trace amounts of chlorophylls, high levels of
acetate-metabolizing enzymes and low levels of Calvin-cycle
enzymes.

Autotrophically grown cells, in contrast, have a

well differentiated algal chloroplast and a different enzyme
status.

By placing heterotrophically-grown cells into

autotrophic conditions, Boege et al.

(1981) found that the

activity and amount of RUBISCO increased 10 times within ten
hours.
SteinbiB and Zetsche (1986), studying Chlorogonium
elongatum under heterotrophic, autotrophic and mixotrophic
(light and acetate) growth conditions, also found that
exposure to light promoted synthesis of RUBISCO and
increased the concentrations of the mRNAs of both subunits
of the enzyme, while acetate had a strong inhibitory effect
on the process.

Under mixotrophic conditions, RUBISCO

increased to a smaller extent than under autotrophic
conditions.

Transferring cells from heterotrophic to

autotrophic conditions, heterotrophic to mixotrophic
conditions, and heterotrophic to heterotrophic conditions
resulted in a 5 times, 2.6 times and no increases in the
RUBISCO mRNAs, respectively, during the first six hours
after transfer.

The increase in RUBISCO protein was

preceded by an increase in the corresponding mRNAs,
suggesting regulation at the level of transcription.

Cells

limited by light, a likely status for cells at the bottom of
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a dense algal mat, may undergo similar changes in RUBISCO
protein and mRNA concentrations if they are engaging in
heterotrophy.

Achnanthes rostrata is a freshwater, monoraphid,
pennate diatom typically associated with the bottom layer of
a benthic community, growing prostrate on the substratum to
which it attaches via a mucilage pad.

This taxon is

immobile and, although belonging to a genus in which some
members have limited abilities to produce short stalks
(Munteanu and Maly 1981, Roemer et al. 1984), is presumably
unable to do so itself.

It was chosen as the experimental

organism because of this particular growth form.

While

sessile nature and ability to adhere strongly to a surface
provide protection from natural environmental disturbances
and predation by herbivores, these attributes also preclude
physical escape from unfavorable conditions that may develop
at the mat base as a benthic algal community thickens.
Survival under these resource-limited conditions may depend
on the ability of the cell to alter its metabolic machinery
to photoacclimate during times of light limitation and use
alternative forms of energy during periods of light deprivation.
In this study, A. rostrata was tested for its ability
to remain viable and photoacclimate when subjected to a
series of light treatments (80, 30, 8, and o µmol m- 2s- 1) and
provided with an organic supplement of glucose, casein
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enzymatic hydrolysate, and sodium acetate.

The ability of

A. rostrata to photoacclimate to low light conditions was

assessed by measuring internal changes of cells maintained
under the different light treatments and comparing, among
light treatments, composition and concentration of total
cellular protein, with particular emphasis on RUBISCO and
its corresponding levels of mRNA.

Additionally, the

physiological status of cells maintained under the light
treatments was determined by their capacity to synthesize
protein.
When A. rostrata is subjected to reduced levels of
illumination, I hypothesized it should alter its metabolism
and switch from a normal photoautotrophic mode of nutrition
to an alternate source of energy and carbon or enter a
dormant state.

I expected that this metabolic change would

be reflected in decreased concentrations of both RUBISCO
protein and mRNA, and possibly a decreased rate of
metabolism.

CHAPTER I I
MATERIALS AND METHODS

I

Growth Study

Organism and Culture Conditions

Cultures of Achnanthes rostrata (strain L588, Loras
College collection, Dubuque, Iowa) were maintained in a
soil-extract medium (CRl) composed of one ml soil to 10 ml
deionized water containing 0.5 mg/ml MgCO 3 •

The soil-water

mixture was heated at 98-103°C for one hour on three
consecutive days and filtered through a 0.45 µm Millipore
filter to reduce the number of micro-organisms to noncompetitive levels (Czarnecki, pers. comm.).

Fifty

milliliters of the soil-water extract was used as growth
medium in 125 ml Erlenmeyer flasks.

The cultures were grown

in an environmental chamber at 16.5 ± 2.5°C, with a 12 hour
dark: 12 hour light photoperiod.

Illumination (47 ± 14 µmol

m- 2 s- 1 ) was provided by a 40 W fluorescent (Sylvania F48Tl2CW-VHO) and 60W incandescent bulb.

Illumination was

measured with a Licor Quantum/Radiometer/Photometer in units
of µmol m- 2 s- 1 •
Inoculum for treatments was taken from the cultures
18
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grown in the light (Fig. 2).

The inner surface of each

flask was scraped with a rubber probe to dislodge attached
diatoms, homogenized with a Braun hand mixer, and inoculated
into 125 ml Erlenmeyer flasks.

Approximately 50 ml of

filtered CRl medium was added to give an initial
concentration of 1.2x10 4 cells m1- 1 •

Concentration of live

cells in stock cultures was determined prior to inoculation
using a hemacytometer (Neubaeur, improved 0.1 mm deep) under
bright field optics at 400x magnification.
were divided among the following treatments:

Three flasks
1) a control

(inorganic CRl medium only) grown under 47 + 14 µmol m- 2 s- 1
of illumination (14 h light:10 h dark)

2) inorganic CRl

medium supplemented (non-renewed) with one µM concentrations
of each of the following organic compounds:

glucose, sodium

acetate and casein enzymatic hydrolysate grown under 47

±

14

or o µmol m- 2 s- 1 of illumination and 3) inorganic CRl medium
supplemented (non-renewed) with one mM concentrations of
these same organic compounds grown under 47 ± 14 or 0 µmol
m- 2 s- 1 of illumination.

The growth medium treatments were

chosen to determine if the organic supplements could support
cell growth in complete darkness.

The one mM concentration

of supplement was chosen to provide an excess of substrate
to ensure an adequate supply for sustained growth.

The one

µM concentration of supplement was chosen not only to
determine if the one mM concentration of supplement was
inhibitory, but to also represent an amount more likely to

20

Figure 2.

Experimental design of the growth study.
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be encountered in natural systems.

Dark treatments were

placed in a cardboard light-tight box wrapped with layers of
aluminum foil.

Light- and dark-grown cells were incubated

in the same environmental chamber which controlled light,
humidity, and temperature (16.5

±

2.5 °C).

Air was bubbled

into each flask for two hours daily with Whisper 600 and
1000 pumps {Second Nature, New Jersey) to circulate the
contents and provide better gas exchange.

In addition to

the above treatments, the cells grown in complete darkness
for 28 days were transferred to light conditions for an
additional 25 days to monitor their ability to reacclimate
to increased illumination.
Growth Measurements

To determine growth of the cultures under each
treatment condition, live and dead cells (empty frustules)
were enumerated every third day during the length of
incubation.

Algae within the flasks (triplicate when

possible) were scraped, homogenized and counted
independently in a hemacytometer at 400x magnification.
Three subsamples were counted for each flask and averaged to
obtain a more accurate estimate of cell numbers.

The means

of the three replicates from a treatment were then averaged
and plotted to obtain a growth curve of change in cell
number per ml per day.

In some cases means were calculated

from only two flasks because the culture in the third was
lost to dessication.

This problem was corrected on day 3 of
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the experiment by reducing the amount of aeration.
Statistical Analysis

Cell densities were transformed using a log function
and plotted as a linear regression.

Confidence intervals

for the slope of the line from each treatment were
calculated at the 1, 5 and 10% level (Remington and Schork
1985) and pairwise comparisons were conducted to determine
differences among growth rates.

Live and dead cell

densities of cells incubated in the dark with an organic
supplement were similarly log transformed and plotted by
linear regression.

The slopes of the lines were then tested

to determine if they were significantly different from zero
at the 5% level (Remington and Schork 1985).

II

Biochemical and Physiological Changes in Response to
Various Light Treatments

The biochemical and physiological changes involved with
photoacclimation from full to reduced levels of light
intensity were studied.

Figures 3-5 depict the specific

modifications that were made to the experimental design.
Growth and Treatment of Achnanthes rostrata

After a period of preconditioning to acclimate cells to
the growth treatments and increase cell densities, the
suspension of cells was inoculated into culture flasks,
provided with growth medium and placed under the light
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treatments.

Due to problems with suspended particles in the

modified CRl medium, Bold's Basal medium (Nichols 1973) was
used in the subsequent experiments.

Shading was provided by

placement of a wooden frame layered with commercial greenhouse shade cloth.

Aluminum foil was taped to flasks to

ensure complete darkness.

Illumination was provided with a

series of four 22W circline fluorescent (GE FC8T9WW) and two
52W incandescent (Sylvania) bulbs.

Flasks were shaken at

130 rpm on a shakertable (Labline) in an environmental
chamber at a controlled temperature.
On sample days a single flask was removed from each
light treatment and its contents scraped from the inner
surface of the glass with a rubber probe, homogenized and 50
µl aliquots removed for enumeration.

The sampling and

processing was completed in a dark room to ensure minimal
exposure to light.

The suspension was then centrifuged, the

supernatent poured off and the pellet was immediately frozen
with liquid N2 and stored at

-ao c
0

until analysis.

The first experiment was conducted to determine
differences in cellular protein profiles and the presence of
RUBISCO protein by sodium dodecylsulfate polyacrylamide gel
electrophoresis (SOS-PAGE) and RUBISCO mRNA by slot blot
analysis (Fig. 3).

The second experiment involved the

addition of an intermediate light treatment and analysis of

in situ protein synthesis to provide information about the
physiological status of cells maintained under the various

25

Figure 3. Experimental design of the first biochemical
analysis experiment.
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light treatments (Fig. 4).

Permanent slides were also made

using a 10% Tafts syrup medium (Stevenson 1984) to allow for
a qualitative comparison of internal cell structures, such
as chloroplasts and vacuoles, of cells from the different
light treatments.

The third experiment was conducted to

compare RUBISCO mRNA produced by cells incubated under the
different light treatments and to duplicate the analysis of
cellular protein profiles, with emphasis on RUBISCO protein
(Fig. 5).

Biochemical and Physiological Analysis
Incorporation of (11)leucine

To evaluate the metabolic state of cells grown under
the various degrees of shading and to differentiate darkgrown cells that were in a resting state from those that
were actively metabolizing (i.e. heterotrophic) I measured
incorporation of ( 3H)leucine into protein by A. rostrata.
On days 4, 8, and 12 of the experiment, a single flask from
each light treatment, containing 40 ml of a homogenized
algal suspension, was incubated with 40 µl of ( 3H)leucine
(500 Ci/mmol in 1 ml sterile 2% ethanol) for a period of 20
hours.

The contents of each flask were then transferred to

a plastic centrifuge tube, centrifuged for 20 minutes at
3200 RPM (2000xg), frozen with liquid nitrogen and stored at
-80°C until further analysis.
Background levels of ( 3 H)leucine which could result
from unincorporated label (e.g. adhesion to cell surfaces)
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Figure 4. Experimental design of the second biochemical
analysis experiment.
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Figure 5. Experimental design of the third biochemical
analysis experiment.
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were quantified by incubating control cells with protein
synthesis inhibitors or killing them prior to ( 3 H)leucine
incubation.

Three types of controls were chosen to

determine which would be most effective in preventing
protein synthesis.

Cycloheximide, an inhibitor of nuclear-

encoded protein synthesis, and chloramphenicol, an inhibitor
of chloroplast-encoded protein synthesis, were added,
respectively, to the final concentration of 0.83 and 1.04
µg/ml to a single flask two hours prior to incubation with
(

3

H)leucine.

An additional flask was subjected to either

immersion in liquid N2 followed by one and a half hours of
storage at -20°c or boiled for 15 minutes prior to
incubation with ( 3H)leucine.

Each control flask was then

incubated 20 hours with ( 3H)leucine, centrifuged for 20
minutes at 3200 RPM (2000xg), frozen with liquid N2 and
stored along with the experimental flasks at

-ao c.
0

To quantify ( 3H)leucine incorporation into protein,
frozen pellets of cells (from 40 ml) were fixed in 3 ml 10%
trichloro-acetic acid (TCA) containing 1 mM leucine as a
wash to displace unincorporated ( 3H)leucine, transferred to
a Corex tube and disrupted on ice for 60 seconds to break
open the cells.

A 100 µl suspension was transferred to a

scintillation vial, combined with 10 ml of aqueous counting
scintillant (Amersham), hand shaken and placed in a LS 7000
Beckman scintillation counter.

The radioactivity measured

represents the amount of total ( 3H)leucine present in the
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sample (incorporated and unincorporated).

The remaining

suspension was rehomogenized and vacuum filtered.

Samples

were loaded into wells containing a Whatman GFF filter and
allowed to drain before suction was applied.

Following

suction, 5 ml of TCA was added to each well, allowed to
drain and finally suctioned from the samples.

The procedure

was repeated using 95% ethanol instead of TCA, and the
filters were removed and placed under a heat lamp on a
shaker table to dry.

Dry filters were transferred with

forceps to a scintillation vial, combined with 10 ml of
aqueous counting scintillant and placed in the scintillation
counter.
(

3

Control cells boiled prior to incubation with

H)leucine demonstrated no incorporation and were thus used

as a baseline to which all other samples were compared.

The

amount of radioactivity measured in each sample therefore
represents the relative amount of ( 3H)leucine incorporated
into protein.

Results were reported as cpm per microgram of

total protein.
Protein sample Preparation

Samples of frozen cells were prepared for separation by
electrophoresis prior to protein quantification to minimize
loss of limited sample size.

The least concentrated pellet

of cells (1.1-3.0 xl0 7 cells m1- 1 , hemacytometer count) was
resuspended in 250 µl of 2x treatment buffer (0.125 M TrisHCl pH 6.8, 4% (w/v) sodium dodecyl sulfate (SDS), 20% (v/v)
glycerol, 10% (v/v) 2-mercaptoethanol, and 0.1% (v/v)
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bromophenol blue] combined with an equal volume of ddH 2 0,
and transferred to 1.5 ml Eppendorf microfuge tubes.

The

proteins were then denatured at 100°C for two minutes, and
stored at -20°C.

Equal numbers of cells from each treatment

were treated as described above.
Total Protein Quantification
The amount of total protein was determined for each
sample for two reasons:
electrophoresis

1) to standardize the samples for

2) to determine if a characteristic average

amount of total protein is manufactured by cells incubated
under the different light treatments which might reflect a
particular mode of energy procurement. In other words, we
are interested in determining if a change in the physiology
of a group of cells, such as a switch in metabolism from
photoautotrophy to heterotrophy, can be inferred from the
average amount of total protein manufactured by the cells.
The protein concentration of each sample was determined
by a modified Lowry assay (Markwell et al. 1981, Bensadoun
and Weinstein, 1976).
with 50 and 100 µl,

Aliquots of 10 and 20 µl were mixed

respectively, of 1.3% sodium

deoxycholate and allowed to incubate at room temperature for
5 minutes.

The volume was diluted with dH 20 to 750 µland

proteins were precipitated by addition of 250 µl of 25%
trichloro-acetic acid (TCA) with incubation on ice for 10
minutes.

Proteins were then concentrated into a pellet in a

microcentrifuge for 10 min at 13000 rpm, the supernatant
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discarded, and the pellet resuspended in 250 µl of 0.1 N
NaOH.

Bovine serum albumin (BSA) dilutions ranging from 0

to 120 µg/ml were established in 0.1 N NaOH and served as
standards.

Into each sample 750 µl of copper reagent {2%

Na 2co 3 , 0.4% NaOH, 0.16% sodium potassium tartrate, 1%

sos,

mixed 100:1 with 4% CuS04 ) was added and allowed to incubate
for 10 minutes at room temperature, after which 75 µl of
Folin and Ciocalteu's Phenol Reagent (diluted with an equal
volume of ddH 20) was added, mixed immediately, and incubated
45 minutes to allow for color development.

The absorbance

of the samples and the BSA standards was measured at 710 nm
on a Bausch and Lomb Spectronic 21 spectrophotometer.

The

BSA samples were used to generate a standard curve by a
simple linear regression and the protein concentrations of
the unknown samples were then estimated based on their
absorbance at 710 nm.
Electrophoretic Analysis of Proteins

To qualitatively compare the protein banding patterns
of cells incubated under different light intensities and
determine the presence/absence of the small (ca. 15 kD) and
large (ca. 56 kD) subunit proteins of RUBISCO, total protein
from samples of A.rostrata was normalized to equal protein
concentrations as determined by the modified Lowry (1951)
assay.

Individual proteins of algae in all samples were

separated by electrophoresis according to Laemmli (1970)
using 10% polyacrylamide gels.

Proteins were separated by
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electrophoresis for approximately 30 minutes at 125 mA and
stained with silver (Morrissey 1981).

Gels were prefixed in

50% methanol and 10% acetic acid for 10 minutes,

followed by

5% methanol and 7% acetic acid for an additional 10 minutes,

fixed for 10 minutes in 10% glutaraldehyde, rinsed several
times and stored in dH 20 to allow for complete removal of
glutaraldehyde.

After two days of rinsing, the water was

poured off and replaced with dithiothreitol (5 µg/ml)
minutes.

for 10

This solution was drained, 100 ml of 0.1% silver

nitrate added, and incubation continued for 10 minutes.

The

gels were rinsed quickly with dH 20, then twice with
developer (50 µl of 37% formaldehyde in 100 ml 3% sodium
carbonate) before soaking in developer until staining was
complete.

Staining was stopped with the addition of

approximately 10 ml concentrated HCl for 10 minutes,
followed by rinsing and storage in dH 20.

Western Blot Analysis
Western blots were performed on duplicate gels to
detect the presence of the protein band representing the
large subunit of RUBISCO among the total protein of algal
samples.

Immediately after electrophoresis, the gel was

placed in a transfer buffer (25 mM Tris, 192 mM glycine, pH
8.5)

for 20 minutes.

An Immobilon PVDF membrane (Schleicher

and Schuell) was cut to size and immersed in 100% methanol,
washed with ddH 20 for two minutes, and equilibrated with
transfer buffer for five minutes.

The transfer apparatus
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was soaked in transfer buffer and assembled according to the
Bio-Rad mini trans-blot electrophoretic transfer cell
instruction manual.

Transfer of proteins to the membrane

occurred at 100 volts for 1.5 hours.

Membranes containing

transferred proteins were immersed in Tris-buffered saline
(20 mM Tris, 500 mM NaCl, pH 7.5)
equilibrate the membrane.

(TBS) for 10 minutes to

The TBS was drained and replaced

with a blocking solution of 3% gelatin for one hour.

The

membrane was then washed for five minutes four times in TTBS
(20 mM Tris, 500 mM NaCl, 0.05% Tween-20, pH 7.5), followed
by incubation for 24 hours at room temperature in the first
antibody solution consisting of 20 µl of Cylindrotheca
RUBISCO large subunit (LSU) IgG-antibody, specific for
chromophytes (obtained from Dr. Plumley, University of
Alaska-Fairbanks) at a final dilution of 1/500 in 1%
Gelatin.

Unbound antibody was removed with four 5 minute

washes in 25 ml TTBS.

The membrane was then transferred to

a second antibody solution, 10 µl goat anti-rabbit IgG (H+L)
(Bio-Rad), alkaline phosphatase conjugate (GAR-AP) in 30 ml
of 1% Gelatin at a final dilution of 1/3000, for one hour.
The second antibody bound to the first, allowing for
detection when substrate for alkaline phosphatase was added.
The membrane was then transferred to a tray and washed twice
in TTBS for five minutes, followed by two five minute washes
in TBS to remove unbound second antibody. The membrane was
immersed in color development solution (0.3 mg/ml NBT, 0.15
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mg/ml BCIP, 0.lM NaHCO3 , 1.0 mM MgC1 2 , pH 9.8) for up to
four hours.

Development was stopped with the addition of

distilled water for ten minutes and the membrane was air
dried.

This double antibody method allowed for the specific

detection of the LSU of RUBISCO protein present among the
total protein of the cells.

The identification of the

protein for the SSU of RUBISCO was not conducted because of
the lack of appropriate antibody.
RNA Isolations
Total cellular RNA was isolated from cells as described
by Martino and Smarrelli (1989) to determine the effects of
light and dark on the concentration of RUBISCO mRNA.

Frozen

pellets of cells (40 ml) were resuspended in 500 µl of
extraction buffer (4% p-amino salicylic acid (PAS), 1%
triisopropylaphthalenesulfonic acid (TNS), 50 mM Tris pH 8),
80 µl 2-mercaptoethanol and 40 µl of 100 mM aurintricarboxylic acid (ATA), and added to a Corex tube (15 ml) containing 500 µl of phenol reagent (phenol: chloroform

isoamyl,

25:24:1, 0.1% 8-hydroxyquinone, adjusted to pH 8 with 50 mM
Tris).

The contents were sonicated on ice for one minute to

rupture the cells and centrifuged for 10 minutes at 7000xg.
The clear supernatant containing the RNA was then transferred to a microfuge tube (1.5 ml) containing 20 µl of 100
mM ATA and LiCl was added to a final concentration of 2 M to
precipitate the RNA.
overnight.

Samples were then stored at -20°c

The next day, samples were centrifuged for 10

39

minutes at 7000xg, the supernatant was discarded and the
precipitated RNA was dissolved in 250 µl of resuspension
buffer (10 mM Tris pH 7.5, 2.5 mM EDTA, 5 µl of 100 mM ATA).
Lithium chloride was added to a final concentration of 3M
and the samples were stored at -20°c overnight.

The next

day, samples were centrifuged for 15 minutes at 7000xg, the
supernatant discarded and 50 µl of 0.2 M sodium acetate in
76% ethanol was added to wash the RNA.

Each sample was

centrifuged for 10 minutes at 7000xg and the washing repeated a second time, after which samples were dissolved in 50
µl of a diethylpyrocarbonate (DEPC) treated water-ATA
solution (4 ml DEPC water, 2 µl of 100 mM ATA}.

Ribonucleic

acid was precipitated by the addition of 100 µl of 100%
ethanol and incubation at -20°c overnight.

Samples were

subsequently centrifuged for 15 minutes at 13000xg, the
supernatant was removed and the RNA dried with N2 •

Samples

were resuspended in 10 µl of a DEPC water-ATA solution and
stored at -20°C.

Two microliters of the RNA solution were

diluted to one milliliter with the addition of DEPC water
and its optical density was measured at 260 and 280 nm with
a spectrophotometer.

This measurement gave an indication of

the purity and quantity of RNA present in the sample.

The

blank consisted of two µl of the DEPC water-ATA solution,
used to resuspend samples, brought to one ml with the addition of DEPC water.
further analysis.

Samples were stored at -20°c until
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Slot Blot Analysis

An RNA slot-blot was performed on samples of total RNA
prepared as described to quantify the amount of RNA that
hybridized with a complementary DNA probe of either the gene
for the small or large subunit of RUBISCO.

Purified RNA

samples, standardized according to RNA concentration, were
diluted to a volume of 50 µl with the addition of TE buffer
(10 mM Tris, 2.5 mM EDTA, 0.1 mM ATA, pH 7.5).

Thirty

microliters of 20xSSC (3M NaCl, 3M Na citrate, pH 7.0) and
20 µl of 37% formaldehyde were added and the samples were
incubated at 60°C for 15 minutes to denature the RNA and
prepare it for retention on a Nytran nylon membrane
(Schleicher and Schuell).

The membrane, presoaked in DEPC

water, was immersed along with two sheets of blotting paper
in l0xSSC prior to use.

The multi-well filtration manifold

was rinsed in DEPC water and assembled according to the
Schleicher and Schuell minifold II slot-blot system
instructions.

Low vacuum was applied and wells were rinsed

with 500 µl of l0x SSC.

Samples (100 µl) were loaded into

wells and allowed to filter onto the membrane.

The wells

were then rinsed with 500 µl of l0x SSC and allowed to air
dry.

The membrane was transferred to a vacuum oven and

dried at so 0 c one hour, prior to storage at -20°c.
The DNA probes consisting of the gene for the small and
large subunits of RUBISCO, respectively, were obtained from
the laboratory of Dr. Cattolica, University of Washington,
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Seattle.

The DNA originated from Olisthodiscus luteus, a

marine diatom, and was digested with Eco RI from a plasmid
over a period of 24 hours.

To label the probe, two micro-

liters of digested DNA (100 ng) was removed and denatured at
100°c for two minutes and placed on ice immediately to
disrupt normal annealing.

The DNA was then quickly

incubated with 2.5 µl of buffer, 1.25 µl of primers (random
hexamers), 2 µl of ( 32 P)dCTP, 4.25 µl of ddH 2O, and 0.5 µl of
enzyme (polymerase I)

(Amersham) at room temperature.

Labelled probe was then stored at -20°C.

The RNA-containing

membrane was prehybridized in 3.8 ml ddH 2O, 3 ml dI
formamide, 2.5 ml 20xSSPE (3.6 M NaCl, 0.2 M NaPO 4 , 20 mM
EDTA, pH 7.7), 1 ml 50x Denhardt's (1% Ficoll, 1%
polyvinylpyrollidone, 1% bovine serum albumin), 100 µl of
10% SDS, and 200 µl of 5mg/ml denatured herring sperm DNA,
for 24 hours at 42°C in a shaking water bath.
liters of

32 P-labelled

Five micro-

probe was denatured at 100°C for two

minutes and added to the prehybridized membrane for 24 hours
at 42°C on a shaking water bath.
After hybridization, the membrane was transferred to a
solution of 2x SSC, 0.1% SDS and incubated at room temperature for five minutes, followed by three washes at 65°C.
Subsequently the membrane was subjected to autoradiography
at -80°C.

Hybridization represents the percentage of

RUBISCO mRNA of the total RNA isolated from a sample.

The

differences in concentrations of RUBISCO mRNA were compared
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using a Gelman DCD-16 digital computing densitometer model
39341 set at 600 nm wavelength.

Peak heights were measured

to the nearest millimeter and converted to percentage of the
maximal height.

Due to differences in developing time and

probe concentrations, only peak heights from the same
autoradiogram were directly compared.

CHAPTER I I I
RESULTS

Cell Growth
Cells of A. rostrata maintained for 28 days under
photoautotrophic conditions (47 ± 14 µmol m- 2 s- 1 , modified
CRl inorganic medium), demonstrated a typical growth curve
with an eight day lag period, followed by a 6.2xl0 4 cells
m1- 1 day- 1 exponential growth rate and a stabilization level
(average of data points after, and including, the highest
cell density) of approximately 2.7x10 5 cells m1- 1 (Fig. 6a).

organic supplement Effect on Growth
Cells supplemented with a one µM concentration of
organic compounds and grown under 4 7 ± 14 µmol m- 2 s- 1 for 28
days displayed a lag period (8 days) and stabilization level
(2.lxl0 5 cells ml- 1 ) similar to control cells, but a lower
exponential growth rate (4.0xl0 4 cells ml- 1 day- 1 )

(Fig. 6b).

The overall growth rate was not significantly different from
that of control cells at a 10% level confidence interval
(Table 1).
Cells grown with a one mM concentration of organic
compounds under 4 7

±

14 µmol m- 2s- 1 displayed a lag phase of

14 days, a 4. lxl0 4 cells mi- 1 day- 1 exponential growth rate,
43
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Figure 6. Growth curve of A. rostrata incubated under a 14
h light: 10 h dark cycle of 4 7 ± 14 µmol m- 2 s- 1 of
illumination with a) a modified CRl medium (without organic
supplement), or a modified CRl medium supplemented with
casein enzymatic hydrolysate, glucose and sodium acetate,
each at a final concentration of b) one µMor c) one mM.
(n = 2, 3 and 3 ± S.D., respectively).
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Table 1. Pairwise comparison of 90, 95, and 99% level
confidence intervals constructed for the slope of a logtransformed linear regression of growth curves from each
treatment. Significant differences are indicated with a
(+).
In all significant comparisons, the "dark" treatment
was lower than the "light" treatment.
cells maintained under 4 7 ± 14 µmol m- 2 s- 1 of
illumination.
dark =
cells maintained under O µmol m· 2 s- 1 of
illumination.
control= cells maintained in a modified CRl medium under
4 7 ± 14 µmol m- 2 s- 1 of illumination.
trans=
cells transferred from a 28 day incubation under o
µmol m- 2 s- 1 of illumination to a 25 day incubation
under 4 7 ± 14 µmol m- 2 s- 1 of illumination.
light =
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Table 1
p < 0.10

p < 0.05

p < 0.01

-

-

-

-

-

-

+

-

-

Comparison
Control vs.
µM light
Control vs.
mM light

µM light vs.
mM light

+

+

-

µM light vs.
µM dark

+

+

+

mM light vs.
mM dark

-

-

-

µM trans vs.
µM light

-

-

-

mM trans vs.
mM light

-

-

-

-

-

-

µM trans vs.
µM dark

+

+

+

mM trans vs.
mM dark

-

-

-

µM trans vs.
mM trans

µM dark vs.
mM dark
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and a population stabilization level of 3.7xl0 5 cells m1- 1
(Fig. 6c).

The growth rate was not significantly different

from that of control cells, but significantly higher than
that of one µM supplemented cells at a 10% level confidence
interval (Table 1).

Although the lag phase of one mM

supplemented cells is six days longer than control cells,
and the exponential growth rate resembles that of one µM
supplemented cells, the population stabilization level of
3.7xl0 5 cells m1- 1 is similar to that of control cells
( 2. 7xlo 5 cells m1- 1 )

•

The exponential growth rates of cells supplemented with
one µMand one mM concentrations of organic compounds and
provided with 47

±

14 µmol m- 2 s- 1 were more similar to each

other (ca. 4. ox10 4 cells m1- 1 day- 1 ) than to cells grown
solely in inorganic medium with the same light intensity
( 6. 2xlo 4 cells m1- 1 day- 1 )

•

Light Effects on Growth

The ability of A. rostrata to survive for extended
periods of light deprivation was determined by the incubation of cells in complete darkness with an organically
supplemented growth medium for a length of 28 days.

Cells

were incubated in complete darkness with either a one µMor
one mM concentration of casein enzymatic hydrolysate,
glucose and sodium acetate in addition to the inorganic
medium.

The two concentrations of organic compound

supplements (one µMand one mM) demonstrated comparable
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ability to maintain cell viability in complete darkness
(Fig. 7a).

The growth rates of the two treatments were not

significantly different at a 10% level confidence interval
(Table 1).

Dark-grown cells never reached exponential

growth and had a population stabilization density below
2.ox10 4 cells m1- 1 (Fig. 7a).

In contrast, their light-grown

counterparts demonstrated an exponential growth phase and
population stabilization at a considerably higher density
( 2. 1 and 3. 7xl0 5 cells m1- 1 , respectively)

(Fig. 7b) .

Cells

from both organic supplement treatments (one µMand one mM)
demonstrated a significantly higher growth rate in the light
than in the dark (P < 0.05).
Cultures with a one µMor one mM supplement of organic
compounds were able to remain viable throughout the length
of their 28 day dark incubation with densities of approximately 1. 0x10 4 cells mi- 1 and a 56-67% survivorship on day
28 (Fig 8), despite displaying no signs of growth (live and
dead cell accumulation was not significantly different from
zero, P > 0.1).

The ability to survive under such aphotic

conditions for an extended period of time suggests that A.

rostrata may have the ability to respond to the onset of
more favorable conditions with increased growth.
Reillumination Effect

Cells maintained for 28 days in complete darkness with
a one µMor one mM concentration of organic supplement and
then transferred to 4 7 ± 14 µmol m- 2 s- 1 of illumination
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Figure 7. Growth curves of A. rostrata incubated under a) 0
µmol m- 2s- 1 orb) a 14 h light: 10 h dark cycle of 47 ± 14
µmol m- 2 s- 1 of illumination and a modified CRl medium
supplemented with a one µM ( ■) or one mM (0) concentration
of casein enzymatic hydrolysate, glucose and sodium acetate.
(n = 2 and 3 ± S.D., respectively).
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Figure 8. Linear regression of log transformed live and
dead cell densities of A. rostrata incubated under O µmol m
2 s- 1 of illumination and a modified CRl medium supplemented
with a) a one µM orb) a one mM concentration of casein
enzymatic hydrolysate, glucose and sodium acetate.
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responded with increased growth after 6- and 12-d lag
phases, respectively (Fig. 9).

Algal growth rates in

cultures provided with the two concentrations of organic
supplementation did not significantly differ (p > 0.10,
Table 1).
After a 6-d lag phase, cultures supplemented with one
µM organics grew exponentially at a rate of 4.0xl0 4 cells

m1- 1 day- 1 ,

reaching a maximum of approximately 2.5xl0 5 cells

m1- 1 before decreasing.

Although their overall growth rate

was not significantly different from zero and statistically
similar to their dark-grown counterparts at a 10% level
confidence interval (Table 1), an increase in growth
(exponential phase) in response to illumination is apparent
(Figs. 7a and 9).

Cells grown with a one mM supplement

exhibited an exponential growth rate of 2.6xl0 4 cells m1- 1
day- 1 after a 12 day lag period and attained a maximum
density of approximately 2.2x10 5 cells m1- 1 before declining.
The overall growth rate of these cells was significantly
greater than their dark-grown counterparts at a 99%
confidence interval (Table 1).
Post-transfer growth rates of cells from both
organically supplemented treatments were not significantly
different from their light-grown counterparts (Table 1),
demonstrating that A. rostrata has the capability to resume
normal growth after an extended period of time in the dark.
The level at which densities of cells began to decline in
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Figure 9. Growth curve of A. rostrata incubated under a 14
h light: 10 h dark cycle of 47 ± 14 µmol m- 2 s- 1 of illumination following a prior incubation under o µmol m- 2 s- 1 for 28
days.
Cells were maintained in a modified CRl medium
supplemented with a one µM ( ■) or a one mM (0) concentration
of casein enzymatic hydrolysate, glucose and sodium acetate.
Day zero represents the initial reintroduction of the cells
to illumination (n = 2 ± S.D.).

56

0

...a-

-µM organics
o---mM organics
0

(I')

E
.......

...

0
.....

><
en

0

N

...J
...J

w

0

0

,

---~--

0

0

5

10

,,

,,
,, ,

,
,
,

,

,,

,,

,
,,

,l~

''

''

'

,I'
15

TIME (days)

20

25

57
both supplemented treatments was similar to each other (2.22.5x105 cells/ml), but lower than the stabilization level of
their light-grown counterparts.

Nutrient depletion most

likely prevented cells from attaining a stabilization level
similar to their light-grown counterparts.
since A. rostrata was able to maintain viability in
complete darkness for 28 days and resume a normal growth
rate upon transfer to light, additional experiments were
conducted to determine the biochemical changes involved with
photoacclimation from full to reduced light levels.

Protein Composition
To assess physiological modifications of cells
incubated with an organic supplement under increasing
degrees of shading, total protein was isolated from cells
after an incubation period of four and eight days under
conditions of full light (75-80 µmol m- 2 s- 1 ) , low light (5-8
µmol m- 2 s- 1 ) or no light (0 µmol m- 2 s- 1 ) .

The length of

incubation was chosen to encompass the 6-8 d growth lag
observed previously in the one µM supplemented cultures,
incubated at 4 7

±

14 µmol m- 2 s- 1 (Fig. 6b) or transferred to

this light regime (Fig. 9).

The lag phase is seen as a

period in which the cells undergo photoadaptation, and
therefore, when internal modifications are most likely to
occur.
There was no significant difference in the amount of
total protein obtained from cells incubated under the three
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light treatments (ANOVA, F = 0.756, df = 5,12, P = 0.598)
(Fig. 10).

Thus it is not possible to associate a

characteristic amount of total protein with a particular
mode of energy procurement.
Comparison of the patterns of protein bands from cells
incubated with and without an organic supplement under each
of the light intensities ( 7 5, 5, and 0 µmol m- 2s- 1 ) reveals
no major differences (Fig. 11).

A protein band representing

the large subunit (LSU) of RUBISCO, confirmed by the binding
of antibody on a Western blot, is present in each sample.
Its apparent molecular weight, determined by comparison to
the migration of standard proteins with known molecular
weights (Fig. 12), is approximately 61 kD.
The comparison of protein banding patterns from
successive days within a light treatment demonstrates little
variation from days Oto 12 (Fig. 11).

Furthermore, a

comparison of protein bands between light treatments
indicates that the protein composition of cells incubated
under the three light intensities is similar.

These

findings, along with results from the modified Lowry assay
(Fig. 10), indicate that protein synthesis in cells
maintained at 0 µmol m- 2 s- 1 of illumination is comparable to
that of cells maintained at 75 µmol m- 2s- 1 •
The presence of the LSU of RUBISCO in cells incubated
under 0 µmol m- 2 s- 1 may indicate that the photosynthetic
potential remains during periods of inactivity.
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Figure 10. Amount of total protein, standardized to cell
number, obtained from cells of A. rostrata incubated under
75-80, 5-8 or 0 µmol m- 2 s- 1 •
Cells were maintained in Bold's
Basal medium supplemented with a one µM concentration of
casein enzymatic hydrolysate, glucose and sodium acetate for
a period of 4 and 8 days. Values represent the average of
three independent experiments. (n = 3 ± S.D.)
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Figure 11. Electrophoretic analysis of total protein
obtained from A. rostrata using 10% polyacrylamide gels.
Cells were incubated for 4, 8 or 12 days under A) 75 µmol
m- 2 s- 1 B) 5 µmol m- 2 s- 1 or C) o µmol m- 2 s- 1 of illumination
and maintained in either Bold's Basal medium (inorganic) or
Bold's Basal medium supplemented with a one µM concentration
of casein enzymatic hydrolysate, glucose and sodium acetate
(organic). Each lane was loaded with 3.5 µg of protein.
The center lane represents the following molecular weight
markers: phosphorylase B (106 kD), bovine serum albumin
(80 kD), ovalbumin (49.5 kD), carbonic anhydrase (32.5 kD),
soybean trypsin inhibitor (27.5 kD) and lysozyme {18.5 kD).
An arrow indicates the protein for the large subunit of
RUBISCO, confirmed by the binding of antibody on a Western
blot.
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Figure 12. Relative mobility of the protein for the large
subunit of RUBISCO. Known molecular weight standards were
plotted versus the distance they migrated during
electrophoresis. The standards include: phosphorylase B
(106 kD), bovine serum albumin (80 kD), ovalburnin (49.5 kD),
carbonic anhydrase (32.5 kD), and soybean trypsin inhibitor
( 27. 5 kD) .
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Alternatively, degradation of RUBISCO may be bypassed due to
a shut down of metabolic activity and entrance into a
resting state.

RNA Analysis
To investigate which of the contingencies stated above
is most probable, total RNA was harvested from cells
incubated under the three light intensities identified
previously.
Results of the hybridization between samples of RNA and
the DNA from the gene for the LSU of RUBISCO are depicted in
Figure 13.

Samples from cells incubated without an organic

supplement under each light treatment demonstrated the
presence of LSU mRNA, with the exception of cells maintained
under 75 µmol m- 2 s- 1 for 4 days (Fig. 13a).

Similar results

were found for RNA isolated from cells incubated with an
organic supplement, with the exception of cells maintained
at O µmol m- 2 s- 1 (Fig. 13b).

Peak heights represent the

percentage of RUBISCO mRNA of the total RNA isolated from
each sample.

Direct comparison of samples within or among

light treatments is not possible due to lack of replicates.
Small sample size (volume of cells) resulted in the
isolation of limited amounts of total RNA and prevented
multiple analyses from being conducted.

The lack of signal

detection in the two samples which contained no signal of
hybridization for the LSU mRNA was possibly due to sampling
error during RNA isolation.
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Figure 13. RUBISCO large subunit (LSU) mRNA levels from
cells of A. rostrata.
Cells were incubated under 75, 5 or O
µmol m- 2s- 1 of illumination for 4, 8 or 12 days a) solely in
Bold's Basal medium orb) in Bold's Basal medium with a one
µM supplement of casein enzymatic hydrolysate, glucose and
sodium acetate. A concentration of 0.6 µg m1- 1 of total RNA
was subjected to a slot-blot and hybridization with a 32 Plabelled DNA probe corresponding to the gene of the large
subunit (LSU) of RUBISCO of Olisthodiscus luteus.
Peak
heights, measured in millimeters, represent the amount of
RUBISCO mRNA among the total RNA isolated from the sample.
The sample corresponding to cells incubated under 5 µmol m2s-1 with an organic supplement on day 4 was lost during RNA
isolation (indicated with a star).
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Metabolic Activity of Cells
Comparison of protein banding patterns from cells
incubated under 80, 30, 8, or

O

µmol m- 2 s- 1 reinforces

results obtained earlier for cells incubated under 75, 5 and
O

µmol m- 2s- 1 •

Similar protein banding patterns were

observed from successive days within a light treatment and
among light treatments, including the presence of the LSU of
RUBISCO (Fig. 14).

This indicates that cells incubated in

low light (8 µmol m- 2 s- 1 ) and no light (0 µmol m- 2 s- 1 ) are able
to manufacture the same array of proteins as cells incubated
in the higher light levels (30 and 80 µmol m- 2s- 1 ) .
The LSU of RUBISCO protein persists in cells incubated
for up to 12 days in complete darkness.

The protein could,

however, represent protein remaining undegraded from a prior
light incubation period, so the metabolic activity of the
cells comes into question.

Are cells incubated under O µmol

m- 2 s- 1 actively synthesizing the RUBISCO protein or are they
simply entering a resting state and ceasing the degradation
of ambient pools of enzyme?

To answer this question,

protein synthesis was monitored for cells incubated under
80, 30, 8 and o µmol m- 2s- 1 •
Background levels of radioactivity (e.g. non-specific
binding of ( 3H) leucine to external cell walls) were
determined from three types of control samples (Fig. 15).
Cells which were frozen prior to incubation demonstrated the
accumulation of 8.65 cpm/µg protein.

This high level of
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Figure 14. Electrophoretic analysis of total protein
obtained from A. rostrata using 10% polyacrylamide gels.
Cells were incubated for 4, 8 or 12 days under A) O and 8 or
B) 30 and 80 µmol m- 2 s- 1 of illumination and maintained in
Bold's Basal medium supplemented with a one µM concentration
of casein enzymatic hydrolysate, glucose and sodium acetate.
Each lane was loaded with 15.8 µg of protein. The center
lane represents the following molecular weight markers:
phosphorylase B (106 kD), bovine serum albumin (80 kD),
ovalbumin (49.5 kD), carbonic anhydrase (32.5 kD), soybean
trypsin inhibitor (27.5 kD) and lysozyme (18.5 kD).
An
arrow indicates the protein for the large subunit of
RUBISCO, confirmed by the binding of antibody on a Western
blot.
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Figure 15. Background levels of radioactivity (non-specific
binding of ( 3H) leucine to external cell walls) were
determined by using three methods of killing cells prior to
incubation with ( 3H) leucine. On day 8 of the experiment,
cells of A. rostrata maintained in Bold's Basal medium
supplemented with a one µM concentration of organic
compounds under 80, 30, 8 or O µmol m- 2 s- 1 of illumination
were either 1) heated to 100°c for 15 minutes (B), 2) frozen
with liquid nitrogen and stored at -20°c for one and one
half hours {F), or 3) incubated with chloramphenicol and
cr,cloheximide for twenty hours (I), prior to incubation with
[ H] leucine. The cells boiled prior to incubation were
used as controls for experimental samples.
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radioactivity suggested that freezing cells was not an
effective method of control for unincorporated label.
Incubation with protein synthesis inhibitors resulted in
approximately 6 cpm/µg protein of incorporation.

The

incubation period of these inhibitors (20 hours) was
probably too long, allowing some incorporation of ( 3H)
leucine after an initial prevention.

Cells which had been

boiled prior to incubation with ( 3 H) leucine were the most
effective control, demonstrating minimal non-specific
binding (0.005 cpm/µg protein).

This control was therefore

chosen to correct experimental values.

Results of the

radiolabelling of protein, normalized to total protein of
cells and corrected by subtracting the control (0.005 cpm/µg
protein), are depicted in Figure 16.

Samples from all four

light treatments have comparable amounts of ( 3H)leucine
incorporation into protein on a given sample day, ranging
from approximately 12 to 16 cpm/µg protein on day 4, to 8 to
12 cpm/µg protein on day 12.
In an attempt to measure the amount of RUBISCO mRNA
produced in cells incubated under the intensities of
illumination of the previous experiment, an experiment
comparable to the first, but with additional RNA analyses,
was conducted.

The results of electrophoresis are similar

to those previously obtained from cells incubated under the
same light intensities (Fig. 17).

The similar patterns of

protein bands, within a light treatment as well as among
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Figure 16. Incorporation of ( 3 H) leucine into protein.
Cells of A. rostrata were incubated in Bold's Basal medium
supplemented with a one µM concentration of casein enzymatic
hydrolysate, glucose and sodium acetate under 80, 30, 8 or O
µmol m· 2 s· 1 of illumination for 4 or 12 days. On the two
sample days, cells were incubated for 20 hours with 40 µL of
tritiated leucine (500 Ci/mMol) prior to protein
precipitation and scintillation counting. Results of
counting were normalized to amounts of protein for each
sample.
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light treatments, and presence of RUBISCO protein, confirmed
by Western blotting, indicate that cells incubated under low
(8 µ,mol m- 2s- 1 ) or no light (O µ,mol m- 2s- 1 ) are able to
manufacture the same array of proteins as those incubated
under higher light intensities (30 and 80 µ,mol m- 2 s- 1 ) .
Samples from cells incubated under each light treatment
provided a hybridization signal that verified the presence
of the SSU and LSU of RUBISCO in all treatments (Figs. 18
and 19).

This result supports the previous analysis of

RUBISCO mRNA which showed that LSU mRNA was present in
samples from all light treatments.

No mRNA was detected in

cells incubated under O µ,mol m- 2s- 1 on day 4.

The absence of

signal for this sample, and presence in the sample from the
same light treatment on day 8, suggests that it is likely
the result of experimental error.
Some of the problems encountered in the biochemical
analysis of samples involve the presence of a green algal
contaminant.

Although the DNA probes for the subunits of

RUBISCO used in our experiments were shown to have extensive
similarity to the mRNA of RUBISCO of chromophytes, of which
diatoms are included, and significant differences with that
of chlorophytes (Boczar et al. 1989), some hybridization was
detected between probe and the mRNA for RUBISCO of the green
alga.

Since comparison of treatments was limited to the

presence/absence of hybridization, the potential problem of
overestimation of mRNA levels with direct comparison between
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treatments was avoided.

Comparison of patterns of

electrophoresed proteins, including RUBISCO, from cells of
A. rostrata and the green alga contaminant reveals

differences in the molecular weights of proteins and no
apparent overlap (Fig. 17).
Results from all experiments are summarized in Table 2.
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Figure 18. RUBISCO large subunit (LSU) mRNA levels from
cells of A. rostrata.
Cells were incubated in Bold's Basal
medium under 80, 30, 8 or O µmol m- 2 s- 1 of illumination for 4
or 8 days. A total of 0.24 µg of RNA was subjected to a
slot-blot and hybridization with a 32 P-labelled DNA probe
corresponding to the gene of the large subunit (LSU) of
RUBISCO of Olisthodiscus luteus.
Peak heights represent the
amount of RUBISCO LSU mRNA among the total RNA isolated from
the samples.
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Figure 19. RUBISCO small subunit (SSU) mRNA levels from
cells of A. rostrata.
Cells were incubated in Bald's Basal
medium under 80, 30, 8 or o µmol m- 2 s- 1 of illumination for 4
or 8 days. A total of 0.24 µg of RNA was subjected to a
slot-blot and hybridization with a 32 P-labelled DNA probe
corresponding to the gene of the small subunit (SSU) of
RUBISCO of Olisthodiscus luteus.
Peak heights represent the
amount of RUBISCO LSU mRNA among the total RNA isolated from
the samples.
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Table 2.

Summary of results

Growth Study
Light growth:

Typical growth curves were obtained for all
light treatments.

A longer lag period was

observed in mM supplemented cells.
Dark growth:

Survival of cells for 28 d with no signs of
reproduction.
Similar patterns of cell densities for both
supplements.

Reilluminated: Respond to light with increased growth,
displaying same lag period of light-grown
cells.

Biochemical Analysis
Parameter

Experiment 1

Experiment

2

Experiment

LSU protein

+

LSU mRNA

+

not determined

+

ssu

+

not determined

+

mRNA

+

3

+

Cells from all treatments displayed similar protein banding
patterns, average amounts of total protein, and the presence
of the LSU of RUBISCO.
Protein synthesis continued in each treatment during the
entire length of incubation under the light treatments.
Both subunits (LSU and SSU) of RUBISCO were found in samples
of RNA isolated from cells under each light treatment.

CHAPTER IV
DISCUSSION

In this study, Achnanthes rostrata survived up to 28
days in complete darkness with an organic supplement and was
able to initiate growth upon reintroduction to light.

Cells

maintained in the dark displayed similar patterns of live
and dead cell density changes in both organic supplement
treatments (µMand mM).

The pattern displayed in the dark

resembles a strategy of maintenance without reproduction
(compare Fig. la with Fig. 7).

There was no significant

accumulation of live cells in either treatment (P > 0.1).
The slightly higher rate of dead cell accumulation suggests
that either the length of incubation (28 days) was near the
limit of dark-survival for this species or the organic
compounds chosen (casein enzymatic hydrolysate, glucose and
sodium acetate) were inadequate at meeting the demands of
the cells.
The organic compounds chosen for supplementation of the
growth medium have been well documented to support the
heterotrophic growth in a variety of taxa (e.g. Lewin and
Hellebust 1970, 1978, White 1974, Admiraal and Peletier
1979, and Bollman and Robinson 1985).
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The concentrations of
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the organic supplements were selected to provide a level
(one µM) near that found in nature (Bollman and Robinson
1985) and one in excess (one mM) to ensure an adequate
supply for sustained growth.

Whether these compounds and

the concentrations used were a correct choice for supporting
A. rostrata can only be properly determined through
additional experimentation in which a range of organic
compounds and series of concentrations are incubated with
this taxa in both the light and dark.

The incorporation and

destination of radiolabeled organic compounds could provide
information about the rate of uptake and ability of
particular compounds to support heterotrophic metabolism.
An appropriate additional experimental treatment group
would include the incubation of cells in the dark without an
organic supplement and subsequent reillumination after an
extended period of time.

Such a treatment would provide

information about the ability of cells to survive aphotic
conditions when the option of heterotrophy is unavailable.
Under such conditions, cells may be forced to rely on the
breakdown of internal reserves for energy.

When these

resources become depleted, the cells may then enter a
resting state to remain viable.

Perhaps the option of

entering a resting state is only chosen when cells
experience persistent aphotic, nutrient-poor, conditions.
Cell growth under illumination levels of 47

± 14 µmol

m- 2 s- 1 and one mM concentration of organic supplement
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demonstrated a longer lag period than one µM supplemented
cells.

This difference was also shown from cells in the

reillumination treatment.

The trend appears to result from

concentration of organic supplement rather than light
treatment.

Cells incubated with a one mM concentration of

organic compounds had a lag period of approximately 12-14
days in both light and reillumination treatments, whereas
one µM supplemented cells had a 6-8 day lag period under
both treatments.

The longer lag phase of cells incubated

with the higher concentration of organic supplement may be
due to a form of catabolite repression.

Repression of

photosynthetic proteins by ethanol has been reported for

Euglena (Kishore and Schwartzbach 1992, Freyssinet et al.
1984, Monroy and Schwartzbach 1984) and also by acetate for

Chlorogonium and Cyanidium (Boege et al. 1981, Zetsche et
al. 1981).

Kishore and Schwartzbach (1992) suggest that

catabolite repression ensures that available sources of
organic carbon will be utilized prior to investing large
amounts of carbon and energy into the synthesis of chloroplasts.

Cells which are presented with organic carbon in

the light may be utilizing these compounds to meet their
energy requirements of maintenance instead of expending the
energy in the process of cell division.
While continued protein synthesis was demonstrated for
dark-grown cells at levels comparable to light-grown cells,
indicating an active metabolism and therefor a switch from
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photoautotrophy to an alternate source of energy procurement, the possibility remains that cells relied on
internal reserves instead of using external organic
compounds for survival.

Fogg (1956) has demonstrated that

when the diatom Navicula pelliculosa ceased growth, a major
portion of fixed carbon was directed toward the formation of
fats.

Microscopic examination of preserved cells from each

light treatment of our experiment revealed the presence of
large vacuoles located within the cells that may be composed
of lipid.

Storage vacuoles within the cells that may have

contained lipids, coupled with a decrease in growth upon
removal of light, suggests that A. rostrata may have used
reserve stores of carbon, possibly lipid, to provide energy
to maintain protein synthesis when conditions unfavorable
for photosynthesis persisted.
It is possible that cells incubated in the light are
able to simultaneously use both photoautotrophy and
heterotrophy to procure energy, given the propensity for
fluctuation of both light intensity and the availability of
organic compounds in their natural environment.

A longer

length of incubation under a fixed photoperiod might provide
the stimulus for cells to rely solely on one mechanism of
energy procurement and abandon the pathway for alternative
forms.

Such an acclimation might reveal differences in the

total protein amounts of cells which can be attributed to a
characteristic metabolic status.
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The presence of the LSU of RUBISCO from 12 day darkincubated cells indicates that the cells were either
continuing to manufacture the protein while in the dark or
not degrading pools of the enzyme manufactured during a
previous light incubation.

Berry et al.

(1986) report that

although the accumulation of RUBISCO protein, mRNA or both
protein and mRNA has been shown to be strongly light
dependent in several plant species, including pea (Coruzzi

et al. 1984), soybean (Berry-Lowe et al. 1982), duckweed
(Tobin and Suttie 1980) and Spirodella oligorhiza (Fromm et

al. 1985), the light-dependent production of RUBISCO is not
universal.

Similar amounts of the enzyme were produced in

dark- and light-grown plants of cucumber (Walden and Leaver
1981) and maize (Nelson et al. 1984).

al.

Joset-Espardellier et

(1978) also concluded that the synthesis of RUBISCO was

not repressed when Aphanocapsa sp., a cyanobacteria, was
supplied with glucose and grown heterotrophically, using the
Calvin cycle at a very reduced rate in the dark.
Synthesis of the LSU of RUBISCO in dark-grown cells
could be determined by incubation with [ 3H] leucine and
subsequent electrophoresis and Western blotting of proteins
with an antibody against the RUBISCO LSU.
[

Incorporation of

3

H] into the protein of RUBISCO LSU would indicate that the

synthesis of this protein is continued in cells maintained
in the dark.

Berry et al.

(1986), employing a pulse-chase

method, found that in the cotyledons of pigweed (Amaranth
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hypochondriacus) protein synthesis decreased twenty-fold
after two hours of dark incubation and greater than fiftyfold after six hours.

The turnover of the LSU and SSU

proteins, however, could not be detected during the entire
twenty four hour chase period for either light- or darkgrown plants, indicating that these subunits are very
stable, with half lives of several days.

Further, the lack

of protein synthesis was not attributed to a lack of
available energy, but instead to translational inhibition,
as cellular levels of ATP were not limiting.
The integrity of the RUBISCO protein found in darkgrown cells of A. rostrata and its ability to function as an
enzyme may be questioned.

Servaites et al.

(1984) demon-

strated that, in soybean leaves, the enzyme slowly reverts
(within a few hours) in the dark to a form which is not able
to be activated by CO 2 and Mg 2+ alone.

Activation is thought

to occur from the light-induced increase in stromal pH and
Mg 2+ concentration (Vu et al. 1984, Servaites et al. 1984)

and additionally by the presence of the enzyme RUBISCO
activase {Portis et al. 1986).

RUBISCO activity, however,

has been reported for Euglena gracilis grown in the dark for
3 days (Pineau 1982) and for up to six days in darkincubated Lemna (duckweed)

{Ferreira and Davies 1987).

levels of RUBISCO enzyme activity were also reported to
continue for up to three days in the dark in Euglena
{Freysinnet et al. 1984a and 1984b).

Although light was

Low
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necessary for the accumulation of RUBISCO above the levels
synthesized in the dark, greening cells were not immediately
photosynthetically competent upon introduction to light,
instead having to rely on endogenous sources of carbon for
substrate in the formation of RUBISCO until photosynthesis
was established.

The accumulation of RUBISCO in greening

cells was directly linked to the degradation of paramylum, a
reserve carbohydrate.
To determine if the RUBISCO protein from dark-grown and
light-limited A. rostrata is able to function enzymatically,
an in vitro assay for RUBISCO activity could be employed.
Extracting the RUBISCO from dark-grown and light-limited
cells and assaying it under optimal conditions (light, CO 2 ,
Mg 2+, RUBP, proper pH, etc.) in a protein synthesizing

system would determine if the protein is still functional.
Alternatively, an in vivo
employed.

14

co 2

labelling experiment could be

Detection of the incorporation of

14

c into the

fixed carbon of light-limited cells would demonstrate the
enzymatic integrity of RUBISCO from these cells.

However,

the absence of incorporation of label simply reveals that
the RUBISCO enzyme is not being utilized.

Cells under low

light may contain a functional RUBISCO enzyme, but might not
utilize it due to a lack of proper light intensity.
The occurrence of both the

ssu

and LSU of RUBISCO from

12 day dark-grown cells indicates that either the genes
encoding the enzyme are being actively transcribed in the
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dark or the mRNA for the enzyme is residual.

Given the

stability of the mRNAs for RUBISCO, it is possible that the
accumulation of mRNA is a light-activated process but not a
light-dependent process.

Some photoresponses of Euglena are

thought to occur in this manner (Schwartzbach and Schiff
1983).

Cells incubated originally under light may be able

to initiate the transcription of RUBISCO mRNAs prior to a
transition to the dark.

In either case, the potential for

synthesis of the protein still exists.
The ability of the mRNAs to translate protein, however,
would have to be assessed to determine their functionality
and therefore the possibility of regulation at the level of
translation.

Berry et al.

(1986) demonstrated the function-

al similarity of the mRNA for the LSU and SSU of RUBISCO for
eight day dark-grown and light-grown plants of Amaranth.
Similarly, Inamine et al.

(1985) found that RUBISCO LSU mRNA

from 14 day, dark-grown, pea plants was able to translate
similar amounts of LSU protein as light-grown plants, when
subjected to an in vitro E. coli protein synthesizing
system.
The synthesis of the mRNAs for proteins involved in the
harvesting of light energy may involve regulation through an
endogenous circadian rhythm, with refinement from light
stimuli.

Martino-Catt (1991) demonstrated that the level of

synthesis of RUBISCO activase protein and mRNA in the leaves
of a tomato plant increased prior to the onset of light and
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decreased before the onset of darkness.

She attributed this

phenomenon to light-induced changes being superimposed on an
endogenous circadian rhythm, hypothesizing that the benefit
of protein synthesis regulation in this manner was to match
the energy requirements necessary to perform transcription
and translation with the energy source, light.

This was

also supported by her finding that in plants maintained in
constant light or darkness for 24 hours, the level of
RUBISCO activase protein continued to oscillate in the
pattern demonstrated by plants entrained for 18 days to a 14
hour light: 10 hour dark photoperiod.
Although the net synthesis of the protein and mRNA of
the SSU and the mRNA of the LSU of RUBISCO were variable
over a 24 hour period in the tomato leaves, the levels of
each remained at a steady state throughout the diurnal
cycle.

In fact, the level of protein and mRNA of the

ssu

exhibited no detectable oscillations when plants, entrained
to a diurnal photoperiod for 18 days, were maintained in
complete light or darkness for 24 hours.

The SSU mRNA level

eventually declined, however, after 20 hours of darkness.
Berry et al.

(1986) suggest that for the LSU and SSU

genes, rapid responses to changes in the environment occur
at the level of translation, whereas long term changes in
gene expression occur at the level of transcription.
The regulation of RUBISCO by light in cells of A.

rostrata most likely occurs through the ability of RUBISCO
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activase to remove inhibitors (such as RUBP) from the
RUBISCO enzyme catalytic sites and/or the activity of other
inhibitors (such as 2-carboxyarabinitol 1-phosphate, CAlP)
that function in the dark (Sage et al. 1993).

The ability

of cells to function photosynthetically may depend on light,
not only as a substrate in photosynthesis, but also as a
trigger for the activation of enzymes that in turn activate
the RUBISCO enzyme.

The role of light has been implicated

in the phytochrome-mediated regulation of genes for RUBISCO
activase (Martino-Catt, 1991) and the

ssu

of RUBISCO (Graham

et al. 1968 and Apel 1979).

The maximum intensity of light for our experiments (80
µmol m- 2 s- 1 ) is, at best, a moderate level compared to the
600-2000 µmol m- 2 s- 1 range of intensity obtained for other
investigators (Perchorowicz et al. 1981).

McKay and Gibbs

(1989) demonstrated through photosynthetic oxygen evolution
of the green algae, Chlorella pyrenoidosa, that these cells
are light-saturated at 400 µE m- 2s- 1 and light limited at
lower light levels.

Comparison of photosynthetic oxygen

evolution of A. rostrata incubated under the range of
illumination intensities used in our experiments to greater
intensities of illumination might indicate the critical
intensity under which cells become light limited.

This

might allow us to determine the level to which A. rostrata
was photosynthetically competent and/or photosensitive in
our experiments.
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The survival of algae under aphotic conditions has been
demonstrated by many investigators (e.g. Sicko-Goad et al.
1986, Poulickova 1987, Rivkin and Putt 1987, Wasmund 1989).
Wasmund (1989) found appreciable amounts of chlorophyll a in
algae, including taxa of cyanobacteria, bacillariophyceae
and chlorophyceae, located up to 10 cm below the surface of
the sediment, while light intensity was determined to be
reduced by as much as 96% of the surface value at a depth of
only 3 mm.

Also, algae removed from 2-3 cm below the

surface, incorporated

14

c and produced

02

when exposed to

light, demonstrating the retention of photosynthetic
capability.

He suggests that, given the evidence for uptake

of organic compounds by bacteria attached to the cell walls
of algae, the ability of these algae to survive prolonged
periods of darkness results not from heterotrophy, but from
the ability of the cells to draw slowly on their internal
reserves at the lowest possible metabolic rate.

However, he

does not dismiss the reported existence of genuine facultative heterotrophs.
A high percentage of the taxa found in the sediments,
which were able to retain their viability, are among the
dominant green algae and cyanobacteria of the pelagic
phytoplankton.

Poulickova (1987) also reported the survival

of both benthic and planktonic algae up to depths of 60 cm
below the sediment surface.

In this aphotic environment,

not only did phototrophic organisms survive a relatively
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long time (determined by the depth of burial), but in some
cases even reproduced.

Similar evidence for the survival of

benthos and plankton microalgae comes from the study of
Rivkin and Putt (1987).

They demonstrated the assimilation

of ambient concentrations of amino acids (25 nmol 1- 1 ) and
glucose (1.8 µg 1- 1 ) by these algae in both the dark and
light.
The survival of Melosira granulata, a planktonic
diatom, has been reported by Sicko-Goad et al.

(1986).

Dormant cells were recovered from sediment cores which
corresponded to 20 years of burial.

After 8 hours of

exposure to favorable growth conditions, cells began to
incorporate

14

c.

The evidence provided for the ability of

planktonic cells to survive extended periods of aphotic
conditions suggests that burial need not be equated with
death.

Resuspension of buried cells may in fact be the

source of a plankton bloom (Wasmund 1989).
Survival during poor conditions associated with burial
may provide the opportunity for cells to experience the
return of favorable conditions.

Inherent to the development

of a complex, stratified, benthic community is an increased
vulnerability to disurbances (Hudon and Bourget 1983).

When

the biomass of cells and stalks of a periphyton community
exceeds the carrying capacity of the substratum, portions of
the community are sloughed (Roemer et al. 1984).

In some

cases, a sloughing event removes the upperstory of the
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community and leaves remnants of the lowerstory attached to
the substratum.

A study of Hudon and Bourget (1983) found

that after 8 weeks of community development, the upper tier
of cells and stalks was lost during a sloughing event,
exposing the understory of cells on the substratum.

Not

only did the cells on the substratum become exposed, but it
was also postulated that the dislodged diatoms entered the
plankton community and possibly provided the "seed" for
colonization of new substrata as well.

Cells that remain

viable during poor conditions, and remain in place on the
substratum when the upper layer of cells is sloughed from
the surface, may experience the return of light and
nutrients.

These cells can then potentially take advantage

of the available resources and minimal competition to
reproduce quickly and colonize the substratum.
The ability of A. rostrata to survive periods unfavorable for photosynthesis, suggests an adaptive advantage it
may have in dealing with interspecific competition.

If

cells are able to withstand an extended period of poor
conditions while remaining in their original location on the
substratum, they may be able to outlast the overlying
community as it is removed during a sloughing event and
conditions more favorable for photosynthesis return.

The

presence of both RUBISCO mRNA and protein in dark-grown
cells suggests that they are able to minimize the period of
adjustment needed to begin photosynthesizing upon the

98
reintroduction of illumination.

Such a minimization of

adjustment period could confer an advantage over competitors
in the race to divide and colonize available substratum.
Further experimentation could involve the subjection of
diatoms with other growth forms to the same study.

Taxa

which are motile, such as Nitzschia spp. and Navicula spp.,
or produce mucilagenous stalks, such as Gomphonema spp. and
Cymbella spp., could be compared to other adnate taxa, such
as Cocconeis spp., in terms of ability to survive prolonged
periods of darkness.

It might be expected that the taxa

able to use means of physical escape (motility and stalks)
from resource-poor environments would be less likely to have
pronounced survival skills when escape is not possible.
Evidence provided by Poulickova (1987) of dark-survival of
algae, including species from the above mentioned taxa,
indicates that further investigation is warranted.
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